tissue in late-onset AD. CO is encoded by both the mitochondrial and the nuclear genomes. Its catalytic centers, however, are encoded exclusively by two mitochondrial genes, CO1 and CO2 (encoding CO subunits I and II, respectively). We searched these genes, as well as other mitochondrial genes, for mutations that might alter CO activity and cosegregate with AD. In the present study, specific missense mutations in the mitochondrial CO1 and CO2 genes but not the CO3 gene were found to segregate at a higher frequency with AD compared with other neurodegenerative or metabolic diseases. These mutations appear together in the same mitochondrial DNA molecule and define a unique mutant mitochondrial genome. Asymptomatic offspring of AD mothers had higher levels of these mutations than offspring of AD fathers, suggesting that these mutations can be maternally inherited. Cell lines expressing these mutant mitochondrial DNA molecules exhibited a specific decrease in CO activity and increased production of reactive oxygen species. We suggest that specific point mutations in the CO1 and CO2 genes cause the CO defect in AD. A CO defect may represent a primary etiologic event, directly participating in a cascade of events that results in AD.
Alzheimer disease (AD) is a common, insidiously progressive form of dementia of the aged. AD is genetically heterogeneous and therefore may represent a common phenotype that results from various genetic and environmental influences. Rare familial forms of AD follow conventional patterns of autosomal dominant Mendelian inheritance (1) (2) (3) . However, the vast majority of AD cases appear late in life, after the age of 60, without clearly discernible nuclear genetic associations. Yet, first-degree relatives of affected probands are at higher risk for AD than the general population (4) (5) (6) . Furthermore, the lack of a family history is a negative risk factor for AD (7) , suggesting a previously unrecognized genetic contribution to this disease. Most importantly, the risk of AD increases when a maternal relative is afflicted with this disease, suggesting a unique maternally derived factor (8, 9) . It is significant that the mitochondrial genome is inherited solely from the mother, whereas the nuclear genome is inherited from both parents. A genetic defect arising from mitochondrial DNA (mtDNA) might constitute this maternal factor. mtDNA encodes critical components of the electron transport chain (ETC), and mtDNA genetic lesions could account for the well described mitochondrial and bioenergetic abnormalities seen in AD (10) (11) (12) .
Sporadic inheritance with familial association, increased risk of maternal transmission, and variable phenotypic expression are common features of mitochondrial genetic diseases. The mitochondrial genome is a circular molecule of 16,569 bp. The 13 polypeptides encoded by mtDNA are all subunits of the mitochondrial ETC, the main cellular, energy-generating pathway (13) . Each cell contains multiple mitochondria, and each mitochondrion contains multiple DNA molecules. The mtDNA molecules within a cell may differ in sequence, containing mixtures of mutant and wild-type alleles, a condition known as heteroplasmy. Expressed defects in mtDNA frequently lead to metabolic defects, cellular energy failure, and ultimately disease (14, 15) . The mitochondrial genome is dynamic, and the ratio of mutant to wild-type alleles (i.e., heteroplasmy) can change throughout life and across different tissues and organ systems (16) . If mutations in mtDNA are sufficiently elevated and these mutations alter critical components of the ETC, oxidative phosphorylation may fall below thresholds needed to sustain cellular metabolism. Neurons may be particularly vulnerable, because they are high consumers of energy. Mitochondrial dysfunction has been associated with excitotoxic cell death and is thought to be critical in the cascade of events leading to apoptosis (17) .
The search for possible genetic loci harboring ADassociated mtDNA mutations can be guided by an understanding of the biochemistry of the ETC. The ETC is disturbed in biopsy specimens from AD brain (10) . More specifically, mitochondrial cytochrome c oxidase (CO) activity is decreased in both the brain and platelets of AD patients (18) (19) (20) (21) (22) (23) (24) . CO activity is kinetically perturbed, but the CO enzyme complex is present in normal concentrations in the AD brain (25, 26) . These results suggest that the CO complex is biosynthesized at normal levels but that it is catalytically defective. The activities of other components of the ETC are normal in AD brain, arguing that the CO defect does not arise from nonspecific degradation or from random mutations of the mitochondrial genome. CO is encoded by 3 mitochondrial and 10 nuclear genes. Given the lack of strong nuclear genetic associations in most AD cases and the knowledge that the catalytic domain of CO is largely encoded by two mitochondrial genes, CO1 and CO2 (encoding CO subunits I and II, respectively), we searched these genes, as well as mitochondrial gene CO3 (encoding CO subunit III), for mutations that might alter CO activity and cosegregate with AD.
MATERIALS AND METHODS
Cell Culture. Reagents for tissue culture were purchased from GIBCO͞BRL. All other reagents were from Sigma. SH-SY5Y neuroblastoma cells were grown in tissue culture flasks in Dulbecco's modified Eagle's medium (DMEM) supplemented with 10% (wt͞vol) heat-inactivated fetal bovine serum, penicillin (100 units͞ml), streptomycin (50 g͞ml), glucose (4500 mg͞liter), 25 mM Hepes, and glutamate (584 mg͞liter) at 37ЊC in 5% CO 2 (growth medium). The 0 cells (cells lacking mtDNA) were produced by culturing SH-SY5Y cells in the presence of ethidium bromide (EtBr; ref. 27 ). The 0 cells were then transformed by a modification of the method of Chomyn et al. (28) as described.
DNA Analysis. After Institutional Review Board approval and informed consent, fresh venous blood samples (6-7 ml) were drawn into EDTA-containing vacuum containers and kept at 4ЊC until use. The platelet-enriched, white blood cell fraction was isolated within 24 hr (S.S.G., unpublished work) and pelleted by centrifugation at 14,000 ϫ g for 10 min. This platelet-enriched pellet was resuspended in 0.4 ml of 0.9% sodium chloride͞1 mM EDTA, and frozen at Ϫ80ЊC.
Total cellular DNA was isolated from a 0.2-ml aliquot of the frozen platelet-enriched pellet. The pellets were thawed, centrifuged at 12,000 ϫ g for 5 min, washed with 0.3 ml of Dulbecco's PBS (GIBCO͞BRL-Life Technologies), resuspended in 0.2 ml of water, and immediately lysed by incubation in a boiling water bath for 10 min. This is a critical step in the isolation of DNA for our analyses. Extraction of mtDNA by standard SDS͞proteinase K, phenol͞chloroform treatments resulted in the quantitative loss of mutant mitochondrial genes and was avoided (unpublished observations). Once the DNA is isolated by these procedures, it can be handled using standard techniques. After cooling, cellular debris was removed by centrifugation at 14,000 ϫ g for 2 min. The clear supernatant containing the DNA was transferred to a new vial and stored at Ϫ80ЊC. The crude DNA concentration was determined by UV absorption at 260 nm.
The target CO genes were amplified by PCR using primers from the Cambridge human mtDNA sequence (13) for wildtype human mtDNA. The primers (CO1, 5Ј-CAATATGAA-AATCACCTCGGAGC-3Ј and 5Ј-TTAGCCTATAATTTA-ACTTTGAC-3Ј; CO2, 5Ј-CAAGCCAACCCCATGGCCT-CC-3Ј and 5Ј-AGTATTTAGTTGGGGCATTTCAC-3Ј; and CO3, 5Ј-ACAATTCTAATTCTACTGACTATCC-3Ј and 5Ј-TTAGTAGTAAGGCTAGGAGGGTG-3Ј) were located 100 bp upstream and downstream of the open reading frames for CO subunits I (5903-7445), II (7586-8269), and III (9207-9992). These primers were selected by extensive walking experiments. The regions of the mitochondrial genome, complementary to these primers, were free of mutations.
PCR amplifications were performed in five independent reactions. Each reaction volume of 50 l contained 0.5-1.0 g of total cellular DNA, 200 ng each of light strand and heavy strand primers, 200 M each dNTP, 10 mM Tris⅐HCl (pH 8.3), 50 mM KCl, 2 mM MgCl 2 , and 1 unit of AmpliTaq polymerase (PerkinElmer). Subsequently, the five reaction volumes were combined, and the PCR products were ethanol-precipitated, resuspended in 40 l of TE buffer, and purified by preparative horizontal agarose gel electrophoresis. DNA bands of approximately 1.7 kb, 0.9 kb, and 1.0 kb, representing the CO1, CO2, and CO3 genes, respectively, were excised and extracted. This DNA was ligated with the vector pCRII supplied with the TA-Cloning kit following the manufacturer's protocol (Invitrogen). Plasmid DNA for sequencing was purified using the QIAwell 96 Plasmid Kit (Qiagen, Chatsworth, CA).
Sequencing primers for clones containing full-length gene inserts for CO1, CO2, and CO3 were designed for internal priming and were spaced 400-450 bp apart throughout the genes. The M13 (Ϫ20) forward and reverse primers were used for sequencing clones containing fragment inserts of the target genes.
DNA sequencing reactions were carried out using the PRISM Ready Reaction DyeDeoxy Terminator Cycle Sequencing Kit (Perkin-Elmer), followed by purification through CentriSep spin columns (Princeton Separations, Princeton, NJ). Sequence collection and analysis was carried out with the Applied Biosystems Model 373A DNA sequencing system and the SEQUENCE NAVIGATOR program (Applied Biosystems; Perkin-Elmer). Mutations were identified by comparison to the Cambridge sequence (13) .
Competitive Primer Extension Assays. The competitive primer extension assays were performed using a procedure described previously (29) . Briefly, mtDNA-encoded CO1 and CO2 genes were amplified using four sets each of gene-specific primers, thereby providing four gene fragments that span the target regions of these two genes (S.S.G., unpublished work). Reactions contained Ϸ1 g of cellular DNA, 2.5 units of AmpliTaq DNA polymerase, 20 pmol each of the light strand primer and the heavy strand primer, and 10 nmol of each dNTP in PCR buffer (10 mM Tris⅐HCl, pH 8.3͞50 mM KCl͞2 mM MgCl 2 ). After amplification, the PCR products were analyzed by electrophoresis on a 0.8% agarose gel. The double-stranded PCR products were purified using QIAquick columns (Qiagen), and the eluted samples were dried and reconstituted in 20 l of water. Primers and nucleotides for each mutation were as follows: Quantitative analysis of the heteroplasmy of six point mutations within the PCR products was determined by differential extension of wild-type and mutant mtDNA as described elsewhere (29) . Other sensitive analytical techniques can be used for quantitative analysis of these mutant DNA molecules, including oligonucleotide ligation assays, single-stranded conformational polymorphism analysis, and fragment analysis following enzymatic cleavage at either engineered or mutation-induced restriction sites (RFLP). However, some of these techniques lack adequate sensitivity and linearity for detection of low levels of mutant alleles, and therefore, these were not used in this series of experiments.
Enzymatic Assays and Protein Determinations. Complex I (NADH:ubiquinone oxidoreductase) activity was determined essentially as described earlier using the short chain ubiquinone analog, coenzyme Q 1 (20) . Coenzyme Q 1 was a gift from Eisai Pharmaceuticals (Tokyo). CO activities were determined essentially as previously described (18, 21) . All enzymatic activities were normalized to total cellular protein (BCA Protein Assay; Pierce).
Measurement of Reactive Oxygen Species. Reactive oxygen species were derived as described (27, 30) .
Patient Characteristics. Patients (506 total) with a clinical diagnosis of probable AD (mean age ϭ 75.7 Ϯ 0.4 years), and 95 controls were sampled [mean age ϭ 65.1 Ϯ 1.6 years; cognitively normal age-matched, n ϭ 61; chromosome 14 familial AD, n ϭ 2; Parkinson disease, n ϭ 18; cortico-basal ganglionic degeneration, n ϭ 2; Pick disease, n ϭ 1; and non-insulin-dependent diabetes mellitus (NIDDM), n ϭ 11]. AD patients met the National Institute of Neurological and Communicative Disorders and Stroke and Alzheimer's Dis-eases and Related Disorders Association (NINCDS-ADRDA) criteria for probable AD. The majority of patients and controls were white. The apolipoprotein E allelic distribution in this cohort for AD donors was 4͞4 ϭ 20%, 4͞3 ϭ 45%, 4͞2 ϭ 5%, and 3͞3 ϭ 30%, and for cognitively normal donors, it was 4͞3 ϭ 30%, 3͞3 ϭ 60%, and 2͞3 ϭ 10%. The distribution of apolipoprotein genotypes for these populations is consistent with distributions reported for other similar populations (31) .
RESULTS
mtDNA Mutations in CO1 and CO2 Genes Segregate with AD. DNA was isolated from buffy coat preparations derived from blood samples taken from AD patients, cognitively normal, age-matched controls, patients with NIDDM, and neurologic controls. This DNA was amplified by PCR and used for genetic analysis. Primer pairs complementary to wild-type mtDNA were carefully selected to anneal to regions that were identical in mutant and wild-type mtDNA molecules. These regions were selected by extensive DNA analysis followed by primer walking before initiation of these experiments. However, we cannot entirely exclude the possibility that our primers may anneal to regions of these genes that contain random mutations. If primers anneal to regions containing mutations, the relative amounts of mutant mtDNA alleles will be underestimated. To deal with this potential source of variability and the suspected possibility of heteroplasmy, at least 10 unique mtDNA clones for each gene were selected for each donor, and all bases within a gene were analyzed using automated dideoxy-dye terminator sequencing. Mutations were confirmed by sequencing both mtDNA strands. Specific missense mutations (both transitions and transversions) and silent mutations (changes in the third base of a codon) in the mtDNA encoding CO I and CO II but not CO III were identified. Five missense mutations routinely were elevated in AD cases, two in CO I and three in CO II. A silent mutation in the CO1 gene also was seen. These mutations were usually heteroplasmic and only rarely attained homoplasmy (i.e., all copies of mtDNA containing the same base change). In most cases, these mutations appear in the same clone, suggesting that they define a unique mtDNA molecule that diverges significantly from the wild-type mtDNA molecule (Fig. 1) . Occasionally, only a subset of these mutations appeared (see Fig. 1 , clone 6 for CO I). The five missense mutations do not alter evolutionarily conserved sites within the mitochondrial genome. Any one of these mutations by itself might not be sufficient to cause a major structural modification in CO. However, some of these AD-associated mtDNA mutations cluster in or near transmembrane regions of CO I and CO II proteins, where the resulting amino acid changes might be expected to perturb CO catalytic activity by distorting the secondary structure of these regions (32) . We found no disease-associated mutations in the CO3 gene, a mitochondrial gene that is not associated with the active site of CO. Lack of mutations in CO III argues strongly that the AD-associated mutations are functionally relevant and specific and not simply the result of damage to mtDNA or nonspecific degradation of mtDNA.
DNA sequencing is cumbersome for the accurate quantitative analysis of the mitochondrial mutational burden in populations studies, because this technique requires analysis of all bases from a large number of clones for each individual. To overcome this limitation, we used a competitive primer extension assay to specifically quantify the relative abundance of the six most frequent mitochondrial point mutations in our blood samples. This method was used to screen mtDNA isolated from the blood of patients with a clinical diagnosis of probable͞possible AD and from a variety of controls. The competitive primer extension analysis revealed that the six mutations appear at low levels in most individuals but that the frequency of these mutant alleles are elevated in most AD cases. As a group, AD cases exhibited statistically significant increases in mutational burden at each of the six nucleotide sites relative to age-matched and other controls (Fig. 2) . The ability of these mutations to discriminate between AD and control cases can be determined from a receiver operating characteristic (ROC) curve (Fig. 3 ). An ROC curve represents the relative distribution of scores between groups within a study population, providing an estimate of the sensitivity and specificity of a test (33) . Because in most cases these mutations appear in the same mtDNA molecule, identifying a single base change in this mutant mtDNA molecule is sufficient to define this molecule in its entirety. We exploited this association to construct a ROC curve, using the level of heteroplasmy at nucleotide position 7650 to estimate the relative proportion of heteroplasmy   FIG. 2 . Quantitative analysis of the relative amounts of each of the six mutations identified by competitive primer extension assays. Each bar represents the group mean percentage of the mutant base relative to the wild-type base. AD total group represents the entire AD population studied. The AD high mutations group represents the mutational load at each mutant base for AD cases with levels of the mutant molecule exceeding those of any control case. The AD high mutation group included Ϸ20% of the AD total population. Error bars represent the SEM for each group. At each site, AD cases had significantly higher levels of the mutant base than controls as determined by independent t tests (P Ͻ 0.001).
FIG. 1. Clonal analysis of CO1
and CO2 genes from a typical AD patient showing sites of heteroplasmic mutations in mtDNA. mtDNA was prepared and cloned into appropriate vectors as described. Ten independent clones of each gene were subjected to automated sequencing. Five missense mutations and one silent mutation are represented. Black boxes indicate sites of point mutations. Open boxes indicate sites of wild-type bases. As can be seen, 50% of the clones for the CO1 gene contained a least one point mutation, whereas 30% of the clones for the CO2 gene contained at least one mutation. In most instances, these mutations appear together in the same clone suggesting a unique mutated mitochondrial genome.
in this DNA population. The sensitivity (percentage of AD cases with a given or higher percentage of mutant allele at nucleotide position 7650) and the specificity (percentage of controls with a given or lower level of mutant allele at nucleotide position 7650) were calculated. As can be seen in Fig. 3 , it is rare for AD cases to have low levels of this mutant base, whereas it is common for controls to have low levels of this mutant base. Approximately 40% of controls have levels of heteroplasmy below 13.6%, whereas only 10% of AD cases have levels below this value. The presence of low levels of this mutant mtDNA molecule, therefore, may represent a negative risk factor for AD. On the other hand, it is common for AD cases to have high levels of this mutant base but very rare for controls to have high levels of this mutant base. To illustrate this point, Ϸ20% of AD cases have levels of this mutant base above 32.4%, whereas no controls exceed this value. In this group of AD cases with high levels of this mutant mtDNA molecule, the mean level of the 7650 mutant base exceeded 40% of this mtDNA population, and the other linked base levels were also elevated above control levels and above the levels of the total AD population (see Fig. 2 , AD high mutations). The presence of high levels (Ͼ32% mutant allele) of this mutant mtDNA molecule, therefore, is 100% specific for AD. An intermediate threshold level can also be defined by these data. Approximately 60% of AD cases have levels of this mutant base exceeding 20.3%, but only 20% of controls exceed this level of mutational load. Intermediate levels of this mutant mtDNA molecule represent a strong positive risk factor for AD. In addition, the appearance of elevated levels of these mutant alleles are relatively disease specific for AD. Levels of these mutations were not elevated above those of age-matched control values in two chromosome 14 familial AD patients (data not shown), in patients with NIDDM, or in other neurodegenerative disease patients, including Parkinson disease patients (Fig. 4) .
The AD cases that do not have elevated levels of this mutant mtDNA molecule may represent further heterogeneity of AD or cases misdiagnosed with AD. This heterogeneity may arise from multiple sources. Gender differences do not seem to account for these differences, because the mutational burdens were not different in male and female AD patients. Differences in apolipoprotein E genotype also do not account for these differences, because the levels of this mutant mtDNA molecule are similar across all apolipoprotein E genotypes (unpublished observation). One subgroup, however, that may complicate interpretation of these data is patients with senile dementia of the Lewy body type (SDLBT). SDLBT patients do not appear to have reduced brain CO activity (22) , and these patients would be unlikely to carry elevated levels of CO mutations. This is especially problematic, because premortem distinction between SDLBT and AD is difficult. SDLBT, however, is pathologically distinct and accounts for between 20 and 30% of the autopsied AD cases (34) . It is highly likely that SDLBT patients contaminate our clinically defined AD cases, and further work is necessary to ascertain if AD patients with low levels of these mutations actually are overrepresented by SDLBT cases.
The findings described above do not address the origin of this mutant mtDNA molecule. Does this molecule arise de novo, or is it transmitted? Because mtDNA is maternally inherited, we addressed these questions by studying the asymptomatic children of AD patients and by comparing the relative abundance of the AD-associated mutant mtDNA molecule in offspring of affected mothers and affected fathers. It also was of interest to study the mothers of AD cases, but it was not practical because of the advanced age of this population. As a testable alternative, we hypothesized that asymptomatic children of affected mothers would have a higher mutational burden than asymptomatic children of affected fathers. Conversely, children of affected fathers should be comparable to the general asymptomatic population with respect to the relative abundance of this mutant molecule, if this mutated genome is maternally inherited. This hypothesis was supported in the small set of cases that we have analyzed. We noted significantly higher rates of AD-associated mutations in children of affected mothers than in those of affected father, as estimated by the level of heteroplasmy at the 7650 nucleotide position (Fig. 5) . Our data, thus, indicate that a tendency toward elevated levels of these mutations can be maternally transmitted in at least some cases, and these results are consistent with recent demonstration of preferential maternal transmission of sporadic AD (8, 9) . It is also likely that some controls with elevated mutational levels are presymptomatic cases and could develop AD within their lifetime.
Functional Consequences of mtDNA Mutations in Transformed Neuroblastoma Cells. To determine the functional significance of this mutant mtDNA molecule, we isolated intact mitochondria from the blood of some of the same donors that were used for the mutational analyses. These mitochondria were fused with 0 cells derived from SH-SY5Y neuroblastoma cells depleted of endogenous mtDNA, but not nuclear DNA. This procedure creates cytoplasmic hybrid (cybrid) cells with the nuclear and cellular environment of the host 0 cell and the mitochondria from the human donor.
After growth in culture (4-5 weeks), cybrids were assayed for ETC enzyme activities to confirm mitochondrial transfer. Repopulation of 0 cells with exogenous mitochondria from cogni-
Receiver operating characteristic (ROC) curve presenting the sensitivity (percentage of AD cases with the relative proportions of the 7650 mutant base above a selected value) and specificity (percentage of non-AD cases with the relative proportions of the 7650 mutant base below a selected value). From this curve, it can be seen that 20% of all AD cases have levels of this mutant allele exceeding those of any control case (20% sensitivity, 100% specific).
FIG. 4.
Comparison of the mutational load at the 7650 nucleotide position in AD cases, cognitively normal, age-matched controls (AGED), neurologic disease controls (NEUROLOGIC), and NIDDM patients. All disease patients and controls had significantly lower levels of this mutant allele than AD cases. There were no statistically significant differences among the three control groups.
tively normal, age-matched controls (control cybrids) recovered a normal aerobic phenotype with complex I and CO activities that were equivalent to parental SH-SY5Y cell lines. In contrast, cybrids repopulated with exogenous mitochondria from AD patients (AD cybrids) generally had reduced CO but normal complex I activity (Fig. 6 ). The only difference between the AD and control cybrids was the origin of the exogenous mitochondria. The nuclear environments of these two cybrid cell lines were derived from the same parental cell line and, therefore, were identical. Any CO defect in AD cybrids, thus, must arise from the genetic mutants carried into the cell on the defective mitochondrial genome of the AD donors.
A deficiency in CO activity should increase the diversion of electrons from normal oxygen reactions in the ETC into reactions that increase the amounts of reactive oxygen species within the cell. The fluorescent probe, DCF-DA, was used to measure the generation of ROS in AD and control cybrids (30) . DCF-DA fluorescence was significantly elevated in AD cybrids relative to control cybrids, indicating increased production of ROS in AD cybrids (Fig. 7) .
DISCUSSION
We have identified an associated set of mutations in the mitochondrial genes that encode the catalytic subunits of CO (CO I and CO II). These mutations define a unique mtDNA molecule or set of molecules that coexists with the wild-type mtDNA molecule in both AD and controls cases in blood cells. This implies that heteroplasmic allelic variation in mtDNA is common in this population. The appearance of common heteroplasmic alleles in the general population is unique, and further work will be required to fully understand the implications of this result.
Nevertheless, relative increases in the levels of this set of mutations segregate as a unit with a subpopulation of AD cases. This result suggests that mtDNA carrying these point mutations defines a unique, disease-associated mtDNA molecule. The ratio of this highly mutated molecule relative to the wild-type mitochondrial genome is elevated significantly in clinically defined cases of AD but not in age-matched, cognitively normal controls, patients with other neurologic diseases, or patients with NIDDM. This pattern suggests that these mutations are disease-specific. Furthermore, because a tendency toward elevated levels of these mutations can be transmitted from mothers to offspring, these mutations are likely to be heritable at least in some instances, and these are less likely to result from random degradation of the mitochondrial genome. This interpretation is also supported by the selective appearance of these mutations in genes encoding the catalytic subunits of CO and by the lack of disease associated mutations in a CO gene not thought to be directly associated with the the oxidation of cytochrome c, CO3. A random degradative process should have affected all three genes to a similar extent. Lastly, the occurrence of these mutations in a non-target tissue such as blood cells argues against the notion that these specific mtDNA mutations arise from the consequences of the disease state. Thus, we suggest that some cases of AD are associated with a disease-specific, maternally inherited mtDNA molecule carrying mutations in genes encoding for the catalytic components of CO.
Elevated levels of these mutations probably cause the reduction of CO activity previously seen in AD brain and platelets. Consistent with this hypothesis, a stable and selective defect in CO activity was produced by transferring mitochondria from AD patients with elevated levels of these mutations FIG. 5 . Mean percentage mutant molecules for the 7650 nucleotide position in a subset of the total sampled population for cases in which an affected parent and asymptomatic offspring pair were available. Each bar represents the group mean. Affected parents had similar levels of the 7650 mutant base, as seen on the left side of the graph. Offspring of affected mothers had higher levels of this mutant base than offspring of affected fathers, as seen on the right side of the graph. This suggests that in this subset, these mutations are transmitted through a maternal lineage.
FIG. 6. Characterization of complex I and CO activity in AD and control cybrids expressed as a rate for complex I (nmol⅐min Ϫ1 ⅐mg Ϫ1 ) and a relative rate for CO (min Ϫ1 ⅐mg Ϫ1 ). CO activity was significantly decreased in AD cybrids relative to control cybrids (t test, P Ͻ 0.001). In contrast, complex I activity, another complex encoded in part by the mitochondrial genome, was not different in a subset of AD and normal control cybrids. Each bar represents the mean group activity. Error bars are SEM. To confirm that cells were true cybrids and not hybrids, putative cybrid cells were cultured and harvested using standard cytogenetic techniques. They were then stained with the GTG (Giemsa-trypsin-Giemsa) technique, and chromosomes were counted. into human cybrid cell lines. Appearance of increased oxygen radical generation in AD and not control cybrids after mitochondrial transformation suggests that the excessive generation of radicals in AD could arise as a consequence of CO dysfunction in the AD brain and supports the hypothesis (35) (36) (37) (38) that the excessive generation of radicals in AD could arise as a consequence of CO dysfunction in the AD brain. If severe, these defects ultimately could lead to cell death in selected regions of the central nervous system.
Cybrid cell lines created from mitochondria donated by agematched, cognitively normal individuals do not express this oxidative phosphorylation defect. This provides biochemical evidence against a nonspecific age-related degradation of mtDNA in AD, because nonspecific genetic lesions would cause global ETC dysfunction. Furthermore, in other studies we have shown that cybrid cell lines created from donors with Parkinson disease exhibit a different focal ETC impairment, characterized by reduced complex I but normal CO activity (39) . Parkinson disease cybrids also produce elevated levels of ROS in a manner similar to AD cybrids, arguing that these disease specific ETC defects do not arise as a consequence of increased ROS production. Elevated ROS production, however, could exacerbate mitochondrial dysfunction through collateral damage of functional mitochondria and other cellular components and thereby further decrease the energy capacity of the cell. Thus, it appears that many AD patients have a mtDNA inherited defect in CO activity, but further evidence is needed to associate these genetic lesions with the pathogenesis of AD.
Accumulation of senile neuritic plaques in AD brain as a consequence of the aggregation of ␤͞A4 peptide fragments is a major histopathological finding in AD. Increased ␤-amyloid production has been linked to other genetic forms of AD, including mutations in the amyloid precursor protein and the presenilin genes (40) . CO defects also can alter the processing and aggregation of the ␤-amyloid peptide. Gabuzda et al. (41) showed a shift in the metabolism of amyloid precursor protein (APP) toward low-molecular weight, amyloid-containing Cterminal fragments after sodium azide inhibition of CO activity in transformed COS cells overexpressing the APP gene. Dyrks et al. (42) found that the solubility of synthetic ␤-amyloid was dramatically decreased upon exposure to oxygen radicals. This decreased solubility was a consequence of oxidation and crosslinking of key residues in the ␤-amyloid peptide. The aggregation of tau proteins that also are key components of neurofibrillary tangles is increased by exposure to excess amounts of ROS (43, 44) . Thus, several of the known features of AD could result from the expression of mutated CO genes and the downstream consequences on cellular physiology.
In conclusion, we suggest that AD can be tightly associated with specific, maternally inherited mtDNA mutations in genes that encode CO. These mutations can be detected in the blood of AD patients, can be used to support a clinical diagnose of this disease, and seem to be absolutely specific in the AD cases carrying the highest mutational loads. This latter groups accounts for 20% of the total AD population. A decrease in CO activity leads to ETC dysfunction, bioenergetic defects, and overproduction of ROS and may contribute to changes in several pathologic proteins commonly associated with AD. Thus, these mutations may represent an important pathogenic event in a significant proportion of AD cases.
Note Added in Proof. A sequence comparison revealed similarities between the human mutant CO1 and CO2 genes and the wild-type mtDNA sequences of the great apes, Pan troglodytes, Gorilla gorilla, and Pongo pygmaeus (Genbank accession nos. D38113, D38114, and D38115). This human mutant DNA molecule, therefore, may represent a transitional mtDNA molecule of ancient origin.
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